The penton base is a major capsid protein of human adenoviruses (HAdV) which forms the vertices of the capsid and interacts with hexon and fiber protein. Two hypervariable loops of the penton are exposed on the capsid surface. Sequences of these and 300 adjacent amino acid residues of all 51 HAdV and closely related simian adenoviruses were studied. Adjacent sequences and predicted overall secondary structure were conserved. Phylogenetic analysis revealed clustering corresponding to the HAdV species and recombination events in the origin of HAdV prototypes. All HAdV except serotypes 40 and 41 of species F exhibited an integrin binding RGD motif in the second loop. The lengths of the loops (HVR1 and RGD loops) varied significantly between HAdV species with the longest RGD loop observed in species C and the longest HVR1 in species B. Long loops may permit the insertion of motifs that modify tissue tropism. Genetic analysis of HAdV prime strain p17H30, a neutralization variant of HAdV-D17, indicated the significance of nonhexon neutralization epitopes for HAdV immune escape. Fourteen highly conserved motifs of the penton base were analyzed by site-directed mutagenesis of HAdV-D8 and tested for sustained induction of early cytopathic effects. Thus, three new motifs essential for penton base function were identified additionally to the RGD site, which interacts with a secondary cellular receptor responsible for internalization. Therefore, our penton primary structure data and secondary structure modeling in combination with the recently published fiber knob sequences may permit the rational design of tissue-specific adenoviral vectors.
The penton base is a major capsid protein of human adenoviruses (HAdV) which forms the vertices of the capsid and interacts with hexon and fiber protein. Two hypervariable loops of the penton are exposed on the capsid surface. Sequences of these and 300 adjacent amino acid residues of all 51 HAdV and closely related simian adenoviruses were studied. Adjacent sequences and predicted overall secondary structure were conserved. Phylogenetic analysis revealed clustering corresponding to the HAdV species and recombination events in the origin of HAdV prototypes. All HAdV except serotypes 40 and 41 of species F exhibited an integrin binding RGD motif in the second loop. The lengths of the loops (HVR1 and RGD loops) varied significantly between HAdV species with the longest RGD loop observed in species C and the longest HVR1 in species B. Long loops may permit the insertion of motifs that modify tissue tropism. Genetic analysis of HAdV prime strain p17H30, a neutralization variant of HAdV-D17, indicated the significance of nonhexon neutralization epitopes for HAdV immune escape. Fourteen highly conserved motifs of the penton base were analyzed by site-directed mutagenesis of HAdV-D8 and tested for sustained induction of early cytopathic effects. Thus, three new motifs essential for penton base function were identified additionally to the RGD site, which interacts with a secondary cellular receptor responsible for internalization. Therefore, our penton primary structure data and secondary structure modeling in combination with the recently published fiber knob sequences may permit the rational design of tissue-specific adenoviral vectors.
Adenoviridae are nonenveloped, double-stranded DNA viruses with icosahedral capsids (49) . Human adenoviruses (HAdV) belong to the genus Mastadenovirus of the family Adenoviridae and are classified into six species, A to F (HAdV-A to HAdV-F). Vertex structures of the capsid of all adenoviruses are formed by the penton base protein pentameres, which are noncovalently bound to each other and to the other major structural capsid proteins hexon and fiber (44, 56) . Several other minor structural proteins are involved in stabilizing the capsid, whereas major proteins carry receptor or neutralizing antibody binding sites. The fiber and penton base capsid proteins are the major players in adenovirus cell entry. Fiber knob structures interact with primary cellular receptors, which are CAR, CD46, CD86, sialic acid, and p50, depending on HAdV type (4, 45, 46) . Cell entry is gained by interaction with secondary receptors followed by endocytosis (31) . In most serotypes, RGD loops extending from the penton base bind to the ␣ v ␤ 3 or ␣ v ␤ 5 integrins (29, 52) . The structure of the RGD loops may influence the specificity and affinity of integrin binding, thereby influencing the tropism for different cell types and probably also virulence (56) . Moreover, binding of high concentrations of virus capsid or free penton proteins to the secondary receptors causes cells to detach from a monolayer in vitro. This phenomenon can be observed as early as 6 h after exposing cells to highly concentrated virus suspension and is therefore termed as "early CPE" (early cytopathic effects) (43) . The early CPE may correlate well to the function of the secondary receptor and therefore be related to tropism (6) .
A wide range of different diseases is caused by HAdV depending on their tissue tropism and virulence. For example, species HAdV-A and -F share the same tissue tropism and both cause gastroenteritis. HAdV-C1, -C2, and -C5 are occasionally found in gastroenteritis but infect mainly the upper respiratory tract, as is true of HAdV-B3, -B7, -B16, and -B21. By contrast, HAdV-B11, -B14, -B34, and -B35 are associated with kidney and urinary tract infections (49) . HAdV have a high capability for intraspecies recombination and occasional interspecies recombination. Recombinant HAdV isolates detected by serological methods were called "intermediate strains." Intermediate strains are recombinant viruses between two serotypes presenting hexon of one serotype and fiber knob of another serotype. Hence, the classical typing methods neutralization and hemagglutination inhibition (HI) give contradictory results. Another phenomenon of adenoviral evolution detected by neutralization testing was "prime strains" (p), which are serologically atypical HAdV strains. These strains cannot be neutralized by the reference immune sera against their respective prototype, but they induce neutralizing antibodies against their prototype strain.
The tissue tropism of HAdV types can be related partially to their phylogenetic relationships in the fiber knob region (primary receptor binding site) which was analyzed in detail recently (28) . Additional insights into the tropism of adenovirus types were achieved by in vitro studies with newly developed adenovirus vectors for gene therapy which were developed for targeted therapy (18, 55) . The penton base protein also plays an important role in the effectivity and specificity of human adenoviral vectors (26) . However, only 21 penton base sequences were so far available. Penton phylogenetic data and structure data may help to predict the usage of secondary receptors and facilitate the design of more specific adenoviral gene therapy vectors. Recently, structural studies on HAdV-C2 penton protein and HAdV-B3 were performed (14, 56) . A crystallographic model of the HAdV-C2 penton base shows the core of the structure to be a jellyroll motif, an eight-stranded antiparallel ␤-barrel with an extensive insertion of 308 residues (54% of the protein) between two ␤-strands of the jellyroll, as well as a second insertion of 54 residues between another pair of strands. The first insertion includes two external loops, one of which (the "RGD loop") contains the integrin-binding RGD domain and is highly variable between serotypes in sequence and length. It is also highly flexible, and none of the 74 residues of the loop were modeled in the crystal structure. The other hypervariable region 1 (HVR1) loop is shorter and also projects from the outer surface of the penton base into the solvent.
Here in this study, we present penton base and deduced protein sequence data of all 51 human adenoviruses, phylogenetic analysis of the HVR1 and RGD loops, and structure predictions for the penton base proteins of all species. Moreover, the function of conserved motifs in the penton protein of HAdV-D8, which has a clear tropism for cornea cells and causes epidemic keratoconjunctivitis, was analyzed by site-directed mutagenesis. This new data set of all 51 penton base sequences will improve the specific design of adenoviral vectors.
MATERIALS AND METHODS
HAdV strains and cells. HAdV prototype strains were obtained from the American Type Culture Collection (ATCC, Manassas, VA), except for the HAdV-B14, -D10, -D13, and -D30 prototype strains, which were obtained from our collection at the German National Reference Laboratory for Adenoviruses, Hannover Medical School, Germany, and had been previously typed with crossneutralization. In addition, prime strain p17ЈH30 (1) and intermediate strain HAdV-D44H38 were included in this study and were also obtained from our collection. All viruses were propagated on A549 cells (ATCC, CCL-185) on 75-cm 2 cell culture flasks. When the cytopathic effect was above 50%, the cells were frozen at Ϫ70°C, and DNA was extracted with the QIAGEN blood kit (QIAGEN, Hilden, Germany).
PCR amplification and sequencing of penton loops. Both hypervariable loops and adjacent and interjacent conserved sequences representing approximately 900 nucleotides (nt) of the penton base gene were amplified by PCR and sequenced. The following serotypes were sequenced: HAdV-A18, -A31, -B14, -B16, -B21, -B34, -B35, -D10, -D15, -D19, -D20, -D22, -D23, -D24, -D25, -D26, -D27, -D28, -D29, -D32, -D33, -D36, -D38, -D39, -D42, -D43, -D44, -D45, -D46, -D47, -D48, -D49, and -D51. HAdV-B34, -B35, and -D46 revealed sequences identical to those already deposited in GenBank. Penton primers (Table 1) were developed based on a multiple alignment with GenBank sequences flanking both loops. PCR was performed in a total volume of 100 l consisting of HotStar Mix (QIAGEN), 1 M of each primer, and 3 l of the purified HAdV DNA. The PCR program starts with activation of the "hot start" DNA polymerase for 15 min at 95°C, followed by 40 cycles consisting of denaturation at 94°C for 20 s, a primer annealing temperature depending on the species for 20 s (Table 1) , and elongation at 72°C for 40 s, followed by a final extension step of 72°C for 5 min. Both strands of PCR amplicons were cycle sequenced with rhodamine-labeled dideoxynucleotide chain terminators (DNA sequencing kit; ABI, Warrington, England) and analyzed on an ABI Prism 310 automatic sequencer (Applied Biosystems). PCR primers were used to prime sequencing reactions.
Sequencing of the complete HAdV-D8 penton gene and site-directed mutagenesis. The HAdV-D8 SalI restriction fragment that contains the penton gene was cloned in the pBluescript II KS(ϩ) vector and partially sequenced to obtain HAdV-D8 penton 5Ј and 3Ј sequences. HAdV-D8 DNA was amplified by PCR using HAdV-D8 penton-specific primers Pent8B (AGG CGC GCG GTG GTG TCC TCT CCT CC) and Pent8E (AAA GGT GCG ACT AGA GAG CAC GCG CG), cloned in pUC18 plasmid and sequenced by primer walking. The HAdV-D8 BamHI-SalI restriction fragment was cloned in the pQE bacterial expression vector. Highly conserved motifs of the HAdV-D8 penton (Fig. 1) were mutagenized by using the QuikChange site-directed mutagenesis kit (Stratagene, Heidelberg). Expression of HAdV-D8 penton construct. For expression of the recombinant penton base constructs in Escherichia coli (strain M15), bacteria were grown in 2ϫ YT (yeast extract-tryptone) medium and induced with 0.05 mM isopropyl-␤-D-thiogalactopyranoside for 4 h at 37°C. Cells from a 500-ml culture were harvested by centrifugation at 3,000 ϫ g for 15 min. After being frozen and thawed, the pellets were resuspended in 4 ml 0.25% Tween 20-0.1 mM EGTA and sonicated for 6 ϫ 30 s and cooled on ice (Ultrasonic processor XL; Heatsystems, Farmingdale, NY). The lysate was centrifuged at 13,000 ϫ g for 10 min to pellet cell debris. The penton protein-containing supernatant was harvested. All recombinant penton proteins were soluble and concentrated sixfold with microconcentrators (Centricon-30; Amicon). The expression of each penton protein was controlled both by denaturing and native sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) with 12% polyacrylamide gels. For denatured sample preparation, the lysates were suspended in sample buffer containing 7.5% SDS, 25% glycerine, 7.5% ␤-mercaptoethanol, and 0.75% bromphenol blue (final concentrations) and boiled prior to being loaded onto SDS-PAGE gels. For native sample preparation, the buffer contained no ␤-mercaptoethanol, and the samples were not boiled. The Western blotting procedure was performed by standard techniques. The gels were blotted onto nitrocellulose membranes (Gibco BRL). An antibody (RGS-His antibody; QIAGEN) directed against the RGS(H)6 epitope served as the primary antibody, and an anti-mouse antibody conjugated to alkaline phosphatase (Boehringer GmbH, Mannheim, Germany) served as the secondary antibody. The color reaction was developed with 5-bromo-4-chloro-3-indolylphosphate toluidinium (Boehringer).
Detection of early CPE. Confluent monolayers of HeLa cells in 96-well dishes were washed with phosphate-buffered saline and overlaid with 200 l of minimum essential medium without calf serum. Twenty microliters of phosphate buffer containing 200 ng penton base proteins was added to each well. Plates were incubated for 4 h at 37°C in a 5% CO 2 atmosphere and then examined microscopically to detect early CPE.
Phylogenetic analysis. Multiple alignment was performed by using the ClustalW algorithm implemented in the BioEdit package (version 7.0.4.1). Phylogenetic analysis was performed by using the MEGA software package (version 3.1). The phylogenetic trees were constructed with the maximum parsimony method because of the high identity between HAdV in the penton gene. Similarity plots were calculated based on a PAM250 matrix with a window size of 10 amino acids with the software Plotcon included in the EMBOSS package (38) .
Modeling and structure analysis. Models of the penton base proteins were initially produced and visualized using the Swiss-Pdb Viewer protein modeling environment (version 3.7) and Visual Molecular Dynamics VMD (version 1.8.5). Based on the crystallography penton data of HAdV-C2 (Pdb accession number, 1X9T), secondary structure (56) predictions were performed by using a structural alignment to guide the threading of model sequences onto the known molecular structures. These raw molecular models were then improved manually by moving gaps to exposed variable regions and optimizing side chain packing. The conformation of each model was further refined by energy minimization using the molecular mechanics program CHARMM (7). The Dynamite webserver (5) was used to perform a CONCOORD based simulation and principle component analysis on the resulting ensemble. The results of this were plotted as covariance web diagrams and porcupine plots. Graphic images prepared with the Swiss-Pdb Viewer protein modeling environment or Visual Molecular Dynamics VMD were exported as a POV 3.5 scene file and rendered with the Persistence of Vision Ray Tracer program (POV-Ray 2000, version 3.6).
Accession numbers. The new generated partial penton sequences were deposited in the GenBank under the accession numbers DQ375458 to DQ375487. The complete HAdV-D8 penton sequence was deposited in the GenBank under the accession number AJ249343. The following HAdV penton sequences already available in GenBank were used for multiple alignment and phylogenetic analysis: HAdV-A12 (AC_000005), -B3 (Z29487), -B7 (AC_000018), -B11 (AC_000015), -B34 (AY737797), -B35 (AC_000019), -B50 (AY737798), -C1 (AC_000017), -C2 (AC_000007), -C5 (AC_000008), -D9 (AF217407), -D13 (AJ296009), -D17 (AF108105), -D30 (AJ296010), -D37 (AF118437), -D46 (AY875648), -E4 (AY594254), -F40 (M86665), -F41 (AF105145), and -G52 (DQ923122). The following sequences for simian adenoviruses (SAdV) already available in GenBank were also used: SAdV-1 (NC_006879), -B21 (AC_000010), -E22 (AY530876), -E23 (AY530877), -E24 (AY530878), and -E25 (AC_000011).
RESULTS
Primary structure analysis of the penton base. A central fragment of the penton gene representing the penton base (amino acid positions 106 to 466) (Fig. 1 ) of all HAdV was sequenced. The deduced amino acid sequences represent the central part of the sequence including the main insertion domain and two adjacent ␤-strands (B and D) of the jellyroll (56) . This region comprises the capsid exterior exposed parts of the penton protein including the HVR1 and RGD loops. The complete data set of the RGD loop sequences confirmed that all human adenoviruses except for the only two members of species F (HAdV-F40 and -F41) contain an integrin binding RGD motif (3, 9) . The analyzed penton fragments of all 51 HAdV varied significantly in their lengths (282 to 350 amino acid residues). Amino acid insertions were observed only in the hypervariable loops, with a single exception. All members of species C and F had a single amino acid insertion at position 412 close to the RGD loop (position according to multiple sequence alignment) ( Fig. 1) , N in the case of species C and HAdV-F41 and G in the case of HAdV-F40.
Phylogenetic analysis of the central penton base fragment. Phylogenetic analysis of the central penton base fragment (amino acid positions 106 to 466) (Fig. 1 ) demonstrated clustering of all HAdV in major groups corresponding to their species (Fig. 2) . HAdV-E4 clustered with SAdV-E22, -E23, -E24, and -E25, with a high bootstrap value (100%; only SAdV-E25 was depicted in Fig. 2 ) and these together as closest neighbors to the species HAdV-B. Clustering of HAdV-B was in congruence with the subspecies B1/B2 concept supported by a 95% bootstrap value. SAdV-B21 clustered together with HAdV from the subspecies B1 (99% bootstrap value). SAdV-1 was included in our phylogenetic analysis together with the closely related new prototype HAdV-G52 (23), which is claimed to be a new HAdV species ("G") of its own. As expected, SAdV-1 and HAdV-G52 clustered together and were very closely related to the species HAdV-F (bootstrap values 99 to 100%).
Interspecies variability in the penton protein was in the range of 23% to 42% divergence (as a comparison fiber knob region: 50% to 59%). By comparing phylogenetic trees of the penton base and hexon ε determinant regions (28) , several recombination events in the phylogeny of HAdV prototypes were discovered. For example, in the hexon protein HAdV-B14, HAdV-B34 and HAdV-B50 form one cluster, whereas these viruses do not cluster in the penton base protein. HAdV-D39 and HAdV-D43 were closely related in the hexon but 11% divergent in the penton protein. [AC_000011]), indicating the boundaries of the HVR1 and the RGD loops (boxes). The dots represent identical amino acid residues and dashes represent deletions compared to the query sequence HAdV-D8. In addition, the highly conserved motifs, which were chosen for direct mutagenesis, where marked in bold and underlined in the multiple alignment. The mutagenized amino acid sequence is shown in black above the conserved motif. Furthermore, dodecahedron binding sites were shaded gray, whereas fiber or interpenton binding sites were marked with black. 
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Furthermore, we included HAdV intermediate strains and prime strains in the phylogenetic analysis. For example, the penton sequence of prime strain p17ЈH30, which has both intermediate and prime strain properties, is not closely related to any other HAdV prototype (4.6% divergence to HAdV-D48). Its hexon sequence (EF195772) revealed a HAdV-D17 type, whereas its fiber sequence (EF195773) revealed a HAdV-D49 type sequence. Phenotypic characterization in the HI assay was already performed when the strain was discovered (1). Then, HAdV-D49 HI sera were not available, and a reaction of p17ЈH30 with HAdV-D30 HI sera is not surprising, as cross HI between these types has been previously described (42) . Sequencing results indicated at least a double recombination between HAdV-D17, HAdV-D49, and a so-far-unknown HAdV prototype coding for the penton base as ancestors of p17ЈH30. Another example is the intermediate adenovirus type HAdV-D44H38. Its hexon revealed a HAdV-D44 sequence (EF151417) with an identity of 98% to the prototype strain; the fiber gene (EF151418) had a HAdV-D38 sequence with 99% identity to the prototype strain, but the penton gene (AJ296008) was derived from a so-far-unknown HAdV, with the closest neighbor HAdV-D28 (3.6% divergence). Overall, these results indicate multiple recombination events in the origins of HAdV serotypes, with a breakpoint between the penton gene and the hexon gene.
Subclusters formed by the species were examined by similarity plots in order to elucidate hot spots of evolution. In the case of species HAdV-B, subspecies B2 had only limited variability in the penton gene (Fig. 3B) . The subspecies B1 cluster exhibited hypervariability in the RGD loop but showed only a limited variability of HVR1 (Fig. 3A) . By contrast, an average higher genetic variability was found in HVR1 than in the RGD loop in five of the seven subclusters of species HAdV-D (Fig.  3C , E, and F) but not in subclusters 4 and 5 (Fig. 3D) . Moreover, similarity plots of two subclusters, HAdV-D6 and HAdV-D7, of species D revealed an RGD loop, which was not as hypervariable as assumed (Fig. 3E and F) . In species HAdV-F, HVR1 and RGD loops were hypervariable, whereas in species C, both loops had only limited variability (data not shown). Species HAdV-A showed a more variable HVR1 than RGD loop. 
FIG. 3. Similarity plots of two subclusters from species HAdV-B (A, B) and from species HAdV-D (C through F). Because subclusters
HAdV-D1, HAdV-D2, and HAdV-D3 had the same pattern of similarity plots, panel C represents all viruses of these three subclusters. For the same reason, subclusters HAdV-D4 and HAdV-D5 were represented by panel D. All similarity plots were calculated with a window size of 10 amino acids. The members of each subcluster were derived from phylogenetic analysis. In the case of HAdV-D, subclusters 1, 2, and 3, comprise HAdV-D17, -D19, -D22, -D23, -D24, -D27, -D33, -D42, -D47, -D48, and -D51 (C); subclusters 4 and 5 include HAdV-D9, -D10, -D25, -D26, -D29, -D36, -D39, -D43, and -D46 (D); subcluster 6 includes HAdV-D15, -D20, -D28, -D37, and -D45 (E); and subcluster 7 includes HAdV-D8, -D13, -D30, -D32, -D44, and -D49 (F). In the case of species HAdV-B, subcluster 1 comprises HAdV-B3, -B7, -B16, -B21, and -B50 (A) and subcluster 2 comprises HAdV-B11, -B14, -B34, and -B35 (B). The HVR1 and RGD loops were labeled in the similarity plots.
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Interestingly, HAdV-A12 was genetically distant from the other members of species A in the HVR1 and had a unique HVR1 sequence. These results showed different patterns of evolution probably caused by different immune selection pressures on the penton surface. Primary structure of hypervariable loops. A multiple sequence alignment of all 51 penton fragments confirmed that two hypervariable loops exist in the HAdV penton base protein. Boundaries of both hypervariable loops were deduced from a similarity plot of this multiple sequence alignment (data not shown). Thus, the hypervariable RGD loop was slightly longer than the unresolved RGD loop structure in a crystallographic study of the HAdV-C2 penton base (56) . Figure 4 depicts different loop lengths correlating with HAdV species. In general, the loop length of HVR1 varied between 12 and 23 amino acid residues, and the RGD loop length between 38 and 104 amino acid residues. HAdV-E4 and closely related members of the species HAdV-B (except HAdV-B16) had the longest HVR1. The shortest HVR1 loop was detected in the enterotropic species HAdV-F, which also had a short "RGD" loop (even without an RGD motif). The closely related enterotropic species HAdV-A presented also with a small RGD loop, but containing an RGD motif. By contrast, species HAdV-C had the longest RGD loop (101 to 104 residues), whereas the HVR1 of species HAdV-C had a loop length of only 14 amino acid residues (Fig. 4) . Because of the growing interest in using SAdV as a backbone for adenoviral therapy vectors, GenBank sequences of SAdV-B21, a member of the species HAdV-B, and SAdV-E22 to SAdV-E25, which are members of the species HAdV-E, were included in the analysis. These SAdV have an RGD motif. The lengths of the loops corresponded to their species: SAdV-B21 HVR1 had a length of 20 amino acid residues and an RGD loop with 83 amino acid residues, both in the same range as the other members of the species HAdV-B. SAdV-E22, -E23, -E24, and -E25 had on average the same loop lengths as HAdV-E4 (HVR1 was an average of 22 amino acid residues in length, and the RGD loop was an average of 58 amino acid residues in length).
Overall structure. Penton protein alignments consisting of the barrel motif were predicted for all six HAdV species with the help of previously published crystallographic data for HAdV-C2 (56) . Divergences from HAdV-C2 were calculated for each species. The barrel structure was predicted to be only 9.8% to 15.5% divergent from the HAdV-C2 barrel motif (Fig.  5A ). These predictions should be valid, due to the conserved primary structure of the barrel motif between species. By contrast, the outer part of the remaining penton protein (insertion regions) had an amino acid sequence divergence in a range of 37.3 to 38.8% between the different species, but about half of this divergence is formed by the HVR1 and RGD loops. Secondary structures of the insertion regions excluding these HVRs were predicted for all species by structural alignment and were found to be conserved with slight differences on the outer surface of the capsid.
In this study, we focused our analysis mainly on the penton base protein of HAdV-D8, which is clearly associated with clinically important epidemic keratoconjunctivitis and causes significant early CPE in cell cultures. First of all, the HAdV-D8 amino acid sequence was superimposed on the crystallographic structure of the HAdV-C2. Because of its high amino acid identity (68%) to HAdV-C2, the calculated three-dimensional structure of the HAdV-D8 penton protein should be an overall valid prediction (34) . Like HAdV-C2, the center of the predicted HAdV-D8 penton structure, which is facing the capsid interior, is also formed by a jellyroll motif domain, an eightstranded antiparallel ␤-barrel (Fig. 5A) . The sequence divergence between these two jellyroll motifs is just 12.6%. By comparison, the part of the penton protein that is located on the outer surface is 36.5% divergent from HAdV-C2. Most of the structure of the loops could not be predicted due to the different length of HVR1 compared to HAdV-C2 and the lack of crystallographic data for most of the RGD loop. By examining the regions of high (Ͼ0.9) correlation identified from the molecular dynamics (Dynamite) analysis, the predicted parts of the HVR1 and RGD loops appear with high connectivity (Fig. 5B) , indicative of their undergoing concerted motions. It is tempting to speculate on the basis of the results that the internal rigidity reflects the importance of these two neighboring regions. Given this and the relatively unknown role of the HVR1 loop, it is plausible that it might be involved in integrin binding in combination with the RGD loop, or alternatively, in intracellular trafficking.
Relation of conserved motifs to early CPE induction. Induction of early CPE by the penton base protein is an indicator of functional binding of penton proteins to integrins. Site-directed mutagenesis of the HAdV-D8 penton protein was performed. E. coli-expressed penton proteins had the appropriate size of about 59 kDa on Western blotting using an antibody specific for the His tag (data not shown). Three mutations of the RGD triplet were carried out. All the mutations were chosen in such a way that they changed the biochemical properties of the selected motif to the opposite (polar to nonpolar or hydrophilic to hydrophobic). A mutation of the RGD triplet to RAE led to the loss of induction of early CPE, whereas mutagenesis of the integrin binding RGD motif to alternative integrin binding motifs (309 RGD3EILDV [22, 51] and 308 RGD3DGEA [48] ) caused the retention of early CPE induction ( Fig. 1 and Fig. 6 ).
Furthermore, we analyzed whether the site-directed mutagenesis of 13 highly conserved motifs that are not part of the RGD loop (Fig. 1 ) may influence penton base binding to integrins. Three of these highly conserved motifs (228 FHPDV VLL, 251 LGI, and 377 PDV) were essential for the induction of the early CPE. Mutation of one of these motifs (251 LGI3QES) influenced the secondary structure of a nearby detergent binding site (56) (Fig. 5C and D) , probably affecting attachment to cells and also internalization. Interestingly, the other two mutations (228 FHPDVVLL3SHPDNNQQ and 377 PDV3QNE) both substituted a proline residue and were flanking the RGD loop (Fig. 1) . The secondary structure of the penton, including the RGD flanking region, was not significantly influenced by these mutations, as studied by computer simulations. Analysis of concerted motions performed with Dynamite did not indicate that the alternative flanking regions have an effect on the bulk dynamics. However, analysis of molecular dynamics represented as porcupine molecular dynamics diagrams of the whole penton base protein indicated slight changes of the molecular motion of the RGD loop flanking regions (Fig. 5E through G) , which might indicate that the motion of the RGD loop was reduced by mutations. Consequently, these mutations may influence the unknown molecular dynamics of the RGD loop, although this has not yet been resolved crystallographically and therefore is not available for molecular modeling.
Mutations of the remaining nine highly conserved motifs did not show any change of the early CPE. The functions of four of these highly conserved motifs (164 EGN, 188 GRQ, 340 SYN, and 447 RF) seem to be essential for fiber binding or interpenton binding, which was shown recently (56) . The functions of the other four conserved regions (9 PPP, 74 HSN, 212 DPVT, and 410 PV) were recently described as essential motifs for dodecahedron penton particle structure (56) . For one region (198 IGVK), it was not possible to find an explanation for why this motif is so highly conserved.
DISCUSSION
The molecular evolution of all 51 HAdV prototypes was recently studied by systematic analysis for two of the three main immunogenic determinants ε (hexon) and ␥ (fiber knob) (28) . Phylogenetic analysis of the ε determinant revealed the positive selection of immune escape mutations resulting in a higher genetic divergence in this region than in the ␥ determinant (fiber knob) (28) . Phylogeny of the ␥ determinant compared to the ε determinant phylogeny indicated multiple intraspecies recombination events in the origin of HAdV prototypes.
This view has now been supported by the phylogenetic analysis of the hypervariable parts of the penton base protein. The penton gene is located closer to the 5Ј end of HAdV (nt 14,151 to 15,866 referring to HAdV-C2) compared to the hexon gene, which is located in the middle of the HAdV genome (nt 18,838 to 21,744 referring to HAdV-C2). Subclustering of species HAdV-D in the penton gene did not coincide with hexon subclusters, indicating multiple recombination events in the origin of HAdV with recombination crossing points between the hexon and penton base genes. Hence, new insights into complex evolution on the type and species levels including intraspecies and interspecies recombination events occurring in the 5Ј half of the genome were gained. For example, the penton sequences of HAdV-D15 and HAdV-D29 were unique, whereas their ε determinant of the hexon was identical. Interestingly, these two prototypes were also quite different in the ␥ determinant (located on the fiber gene, nt 31,030 to 32,778 referring to HAdV-C2). Consequently, we derived from these findings that HAdV-D15 and HAdV-D29 have the same ancestor regarding the middle part (hexon region) of their genome. However, due to their divergent penton base and fiber knob sequences, these two prototypes are at least double recombinant viruses (Fig. 2) .
Another example for recombination events between the penton and hexon coding regions in the phylogeny of human adenoviruses was demonstrated by sequencing the penton gene (AJ296013) of the HAdV prime strain p17ЈH30 (1, 2) . This isolate was not neutralized by an antiserum against the prototype HAdV-D17, although an antiserum raised against this strain neutralized the HAdV-D17 prototype (1) . Surprisingly, sequencing of the p17ЈH30 hexon gene revealed a high identity (99%) to the HAdV-D17 prototype, although it contains the main neutralization epitope. Therefore, the failure of the antiHAdV-D17 prototype serum to neutralize p17ЈH30 suggested that this immune serum reacted mainly with neutralization epitopes other than those on the hexon epitope ε, probably with epitopes on the penton base of HAdV-D17 (21). These were highly divergent in the p17ЈH30 sequence and therefore not recognized by this immune serum. Interestingly, the penton sequence of p17ЈH30 was not closely related to any other penton sequence. By contrast, the antiserum raised against p17ЈH30 contained probably neutralizing antibodies against the HAdV-D17 hexon (ε) epitope, thus neutralizing the prototype HAdV-D17 (1). Moreover, immune sera raised against HAdV-D30 did not neutralize p17ЈH30, although p17ЈH30 is almost sequence identical to HAdV-D30 in the fiber knob region and also cross-reacting in heamgglutination inhibition In conclusion, these results suggest the significance of neutralization epitopes on the penton base (15) . Based on the variability and phylogenetic analysis of the penton base gene, the precise definition of the hypervariable regions of the penton gene (HVR1 and RGD loops) was feasible. The variability plots of the different phylogenetic clusters (Fig. 3) revealed different evolutionary pressure on the HVRs. On average, the variability in the short HVR1 was even higher than in the RGD loop. This may indicate that HVR1 is a target of the immune system, putatively of neutralizing antibodies and therefore under evolutionary pressure. In contrast, the RGD loop shows less variability and contains a conserved integrin binding site, but it is also variable, as it is exposed on the capsid exterior and putatively under selective pressure of the immune system. However, these hypervariable regions were flanked by highly conserved regions also exposed on the capsid exterior surface (Fig. 5A) . This fact could be of interest for the induction of lymphocytes that target these regions and thus may be cross-reactive for many or even all HAdV types. This may be a promising approach for adoptive immunotherapy in case of highly immunosuppressed stem cell transplant recipients (8) .
Recombinant adenoviruses are frequently used as vectors for gene delivery for therapeutic applications (18) . In spite of intensive development, their utility has been limited by promiscuous tropism and the host immune response (11, 35, 54) . For example, dendritic and hematopoietic cells only express low CAR or even lack CAR and thus do not sufficiently bind primary receptors on the fiber knobs of species C gene therapy vectors (19, 25) . The most frequently used approach to modify the tropism of the species C HAdV vectors is the manipulation of the fiber knob domain, which is the primary receptor binding site (36) . However, success of fiber modification was limited (36 (40) . HAdV-B3 vectors efficiently transduce human hematopoietic cell lines, and HAdV-D19a had a very promising tropism for dendritic and muscle cells (40, 50) . These results support the concept that the design of adenoviral vectors should not only be focused on the fiber knob, but also include the penton base and possibly other minor structural proteins. Penton base pseudotyping could be a feasible and effective approach. This can be derived by the analysis of the genomes from naturally occurring recombinant adenoviruses. Recently, a new intermediate HAdV isolate was described that was a result of a natural recombination from at least three HAdV prototypes (12) . Although the neutralization properties of the HAdV-D22 type were retained due to its hexon gene, it gained the capability to cause epidemic keratoconjunctivitis by means of its HAdV-D8 fiber knob and its HAdV-D37 penton base. Interestingly, these ancestors are both EKC-associated HAdV types (12) . Moreover, our data about prime strain p17ЈH30 and intermediate strain HAdV-D44H38 presented in this study demonstrated that naturally occurring recombinant adenovirus capsids consisting of hexon and penton base proteins of two different types of the same species are viable. This approach may be as advantageous for vector retargeting as using a nonspecies HAdV-C backbone if it is performed in combination with the already established fiber knob pseudotyping (17, 24, 41) . However, it has not yet been demonstrated that interspecies recombinants containing HAdV-C hexon proteins and, for example, species HAdV-B or HAdV-D penton base protein are stable and viable. So far, our structure predictions for penton base proteins showed an excellent conservation of hexon-penton contact regions (Fig. 5A) , suggesting the feasibility of this approach.
Another approach may be to swap only penton HVRs (HVR1 and RGD loops) between types or species. A proof of principle that modification of the penton base is a feasible strategy in the retargeting of HAdV-C5 backbone vectors was the insertion of a hemagglutinin epitope (10) . Thus, a retargeted vector with a species HAdV-C backbone, which provides features like the capability of causing persistent infections in immunocompetent patients by its early genes, may be achieved (27, 30) . Considering our modeling, swapping of penton base HVRs between HAdV types seems to be feasible, since the structures adjacent to the HVRs are very well conserved between the different HAdV species (Fig. 5A) . However, the results of our mutagenesis experiments with HAdV-D8 (228 FHPDVVLL3 SHPDNNQQ, 251 LGI3QES, and 377 PDV3QNE) (Fig. 1) indicate that minimal changes of the positions adjacent to the RGD loop may hinder the function of RGD binding.
In addition to structural data on the penton base, systematic retargeting of HAdV vectors by penton base (and fiber) swapping requires detailed knowledge of the tropism of different adenovirus types. Correlation between the disease caused by a HAdV and its cellular tropism is unfortunately not striking. For example, HAdV-D19a is well known as the causative agent of epidemic keratoconjunctivitis, which may suggest a highly specialized tropism for cornea cells. However, extensive in vitro studies revealed a high capability to transfect dendritic cells and muscle cells (40, 50) . Therefore, we suggest a systematic study of the cell tropism of all 51 adenovirus types in vitro to predict their tissue tropism as gene therapy vectors. Such an approach should yield an appropriate data set for selecting penton base loop sequences and fiber knob sequences for retargeted vectors. Recently, 20 HAdV types were tested for their capability to infect soft tissue sarcoma cells (20) , and HAdV-B35 was found most efficient in transfecting these cells.
Another drawback of the widely used adenoviral species C vectors is the preexisting immunity of the human population, which may be one of the main factors for their low efficacy (16, 33) . Therefore, exchange of the main neutralization determinant in the hexon gene with a sequence from a nonhuman adenovirus may be more advantageous in order to circumvent problems of existing immunity. This could be achieved by merely exchanging the ε determinant of the hexon gene of current human adenovirus vectors. Alternatively, the backbone for a new adenoviral vector could be a SAdV (13, 37, 39) or bovine adenovirus (53) pseudotyped with human penton and fiber sequences to increase the efficacy of transfection of human cells. Recently developed bacterial artificial chromosome cloning strategies are a promising tool for constructing these vectors (32, 40) .
In conclusion, this complete data set of all 51 HAdV penton base sequences in combination with the analysis of conserved motifs and structural predictions may permit the rational design of tissue-specific viral vectors in the future.
